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In Brief
Astrand et al. present direct twodimensional real-time access to the locus of covert attention from macaque prefrontal cortical activity. This decoded attention is highly predictive of overt behavior. Error trials coincide with sustained high noise correlations followed by a neural misencoding of the visual cue and misoriented attention.
SUMMARY
Direct access to motor cortical information now enables tetraplegic patients to precisely control neuroprostheses and recover some autonomy. In contrast, explicit access to higher cortical cognitive functions, such as covert attention, has been missing. Indeed, this cognitive information, known only to the subject, can solely be inferred by an observer from the subject's overt behavior. Here, we present direct twodimensional real-time access to where monkeys are covertly paying attention, using machine-learning decoding methods applied to their ongoing prefrontal cortical activity. Decoded attention was highly predictive of overt behavior in a cued target-detection task. Indeed, monkeys had a higher probability of detecting a visual stimulus as the distance between decoded attention and stimulus location decreased. This was true whether the visual stimulus was presented at the cued target location or at another distractor location. In error trials, in which the animals failed to detect the cued target stimulus, both the locations of attention and visual cue were misencoded. This misencoding coincided with a specific state of the prefrontal cortical population in which the shared variability between its different neurons (or noise correlations) was high, even before trial onset. This observation strongly suggests a functional link between high noise-correlation states and attentional failure. Overall, this real-time access to the attentional spotlight, as well as the identification of a neural signature of attentional lapses, open new perspectives both to the study of the neural bases of attention and to the remediation or enhancement of the attentional function using neurofeedback.
RESULTS

Predicting the Spatial Location of Covert Attention in Real-Time
In order to test whether the covert spatial (x,y) representation of attention can be accessed in real time, we recorded the multiunit activity (MUA) from bilateral monkey frontal eye field (FEF) neuronal ensembles (a structure known to play a key role in covert spatial attention [1] [2] [3] [4] ), using two 24-contact recording probes ( Figure 1B ), while the animals performed two versions of a cued target-detection task with a manual response ( Figure 1A ). As expected, both animals had significantly higher detection rates on the easy (exogenous, peripherally cued) than on the more difficult (endogenous, centrally cued) attentional task (Wilcoxon test, both p < 0.05; Figure 1C and the Supplemental Experimental Procedures). In the following, the (x,y) decoding of covert spatial attention will be demonstrated independently on these tasks, providing an immediate experimental replication of our observations. For each task, we trained a regularized optimal linear estimator to associate the observed bilateral response patterns during correct trials, smoothed over a 150 ms window, with the cued (x,y) spatial location of attention. We then used this decoder to predict the (x,y) location of attention as inferred from novel bilateral prefrontal response patterns recorded during the same task. Movie S1 illustrates this real-time inference of the spatial location of attention in a representative sample of correct trials, with or without distractors. Figure 2 represents the decoded attention locations that were statistically overrepresented (À200 to À100 ms pre-target interval; red scale; Z scores > 2.33, p < 0.01, non-parametric random permutation test) or underrepresented (blue scale; Z scores < À2.33, p < 0.01) as a function of cue position (black dot). On the exogenously cued correct trials, just prior to target presentation, attention is decoded on and around the cued location (Figure 2 ). On the endogenously cued trials, the significant patches of attention are reduced, suggesting either a higher variability in the (x,y) decoding readout as compared to exogenously cued trials or a more focused spatial attention. These results indicate the feasibility of a continuous real-time decoding of the (x,y) location of attention. Decoding performance remained stable when using only one recording probe ( Figure S1A ) or when training on the endogenous task and testing on the exogenous task ( Figure S1B ; the reverse was not true). The next section demonstrates that this decoding strongly correlates with the monkey's overt behavior, thus conclusively linking the (x,y) output from the decoder to a continuous measure of the (x,y) location of covert attention.
The Decoded Attentional Locus Accounts for Overt Behavior As indicated in Figure 2 and Movie S1, during correct trials, the location of attention is not sharply anchored onto the cued position, but rather moves around in an area centered onto the cue and extending into a large portion of the cued visual quadrant. This could reflect either noise in the decoding or an actual physiological dynamic characteristic of attention. Here, we show that the overt behavioral outcome strongly correlates with the decoded attentional locus, thus favoring the second hypothesis. We moreover observe a significant drop in decoding performance (taken as the percentage of trials in which decoded attention falls in the cued visual quadrant) for both exogenously and endogenously cued error trials as compared to correct trials. This holds for both ''miss'' trials in which the monkeys failed to produce a response ( Figure 3A , light gray; p < 0.001 after Bonferroni correction for n = 4) and ''false-alarm'' trials in which the monkeys prematurely responded to a distractor ( Figure 3A , dark gray; p < 0.001 after Bonferroni correction for n = 4). We also observe that these miss and false-alarm trials contain little spatial information prior to the target or the distractor, respectively ( Figure S1C ). If target detection relies on focused attention at the cued location, the probability for an error trial should be higher when attention wanders to a non-cued location at the moment of target presentation. This is exactly what is observed ( Figures 3B and 3C ). Indeed, as the distance between attention location ((x,y) decoding) and target ( Figure 3B locus to the target, the lower the probability of producing a miss. We also observe a negative correlation between the distance from attention ((x,y) decoding) to the distractor that elicited the false alarm and the proportions of false alarms with respect to correct trials ( Figure 3C ), both for the exogenous (M1: r 2 = 0.14, p < 0.001; M2: r 2 = 0.49, p < 0.05) and the endogenous (M1: r 2 = 0.86, p < 0.001; M2: r 2 = 0.51, p < 0.001) task.
In other words, the closer the attentional locus is to the distractor, the higher the false-alarm rate (see the legend to Figure S2 for a discussion of monkey M1's exogenous data). Overall, these results demonstrate a tight link between the overt behavioral outcome and the (x,y) decoding, indicating that the decoding accounts for the spatial location of covert attention. Accordingly, the distance of the decoded locus of attention to the target or to the distractors also correlates with the reaction times produced by the monkeys ( Figure S2A ). Taken together, these observations indicate that a critical factor in the production of a false-alarm trial or a miss is whether or not a distractor happens to be presented at the very location where attention is misoriented at the time of distractor presentation ( Figure S2B ). Movie S2 illustrates the time course of the (x,y) attention orientation on a representative false-alarm and miss trial for each monkey.
In contrast with what can be seen in Movie S1, in which attention is maintained within the cued visual quadrant, on error trials, attention appears to wander around as if in an uncertain attentional state.
Disruption of the Two-Dimensional Neuronal Attentional Locus by Distractors
To investigate the impact of distractors on spatial attention orientation population signals, we focused on a four-quadrant classification of attention at the cued location around distractor onset time as a function of trial outcome, irrespectively of its spatial location. Whatever the trial outcome, distractor presentation induced a drop in attention classification performance, but more so on incorrect trials ( Figure S3 ).
Given that attentional signals prior to distractor presentation varied between tasks and trial outcomes, we defined the degree of neural distractibility for each trial outcome as the proportion of trials in which the decoded position of attention, originally at the cued location, switched to the position of distractor following its presentation ( Figure 4A ). On both exogenous and endogenous trials, neural distractibility was higher on miss and falsealarm trials than on correct trials (exogenous: hits 7.0%, misses 27.4%, p < 0.05; false alarms 38.9%, p < 0.01; endogenous: hits 10.8%, misses 30.3%, p < 0.05; false alarms 47.8%, p < 0.001). Thus, on both tasks, attentional distractibility was highest on error trials and more so on false-alarm trials than on misses, most probably due to the fact that these false-alarm trials were frequently due to a spatial co-occurrence between the attentional locus and the distractor (see the previous section).
Determinants of Hits, Misses, and False Alarms
The previous section demonstrates that the location of attention (given by the (x,y) decoding) at the moment of target and distractor presentation is crucial for the subsequent behavior of the monkeys. However, the very reason why attention is incorrectly allocated on certain trials is still unclear. In other words, can an error trial and attentional misorientation be predicted from neuronal activity early in the trial?
In both exogenous and endogenous trials, the encoding of the spatial position of the cue was more reliable on correct trials (Fig- ure 4B, dark gray) than on misses (light gray; p < 0.01 for both tasks) and on false alarms (medium gray; p < 0.01 for the endogenous task; for the exogenous task, a trend could be observed at p < 0.05 before Bonferroni corrections). Thus, this degradation of the cue representation only partially accounts for error trials (as the spatial position of the cue can still be decoded above the 95% confidence interval limit), and other parameters are yet at play in generating error trials.
In the following, we describe the contribution of population noise correlations to the attentional coding and behavioral outcome. Indeed, computing the correlation of trial-by-trial fluctuations (noise) between pairs of recording channels over short time windows, we reproduce the observation that noise correlations are decreased when attention is correctly oriented toward the preferred spatial location of the neuronal population on correct trials [5] [6] [7] (see the legend to Figure S4 ). Most importantly, our data also indicate that in addition to these spatial effects, noise correlations are predictive of behavioral outcome, and this irrespectively of the spatial specificity of the neuronal responses. Indeed, noise correlations were significantly lower on both exogenous and endogenous hit trials ( Figure 4C , darkgray curve) than on the respective error trials ( Figure 4C ; miss trials, light-gray curve; false-alarm trials, medium-gray curve). Due to the lower number of error trials on exogenous blocks, miss and false-alarm trials were pooled ( Figure 4C ; miss and false-alarm trials, light-gray curve). A two-way ANOVA reveals a main effect of trial outcome for both tasks (endogenous F = 25.7, exogenous F = 124.9, both p < 0.001) that can be accounted for neither by differences in signal variability within single channels nor by differences in average response rates between the different conditions ( Figure S4C, left) . The difference in noise correlations between correct and error trials is observed right after fixation onset, well before cue presentation. This strikingly indicates that the failure in the successive encoding of the key task events can be predicted prior to trial onset from a general ''high'' correlation state that possibly perturbs the integration of incoming information and subsequent local processes. In addition, and in agreement with previous studies [5, 7] , noise correlations are lower on correct trials just before target presentation (i.e., when attention is spatially oriented; Figure S4B ) as compared to just after fixation onset (i.e., when attention is not yet spatially oriented), during both correct and error trials, suggesting a certain degree of attentional engagement in these error trials. The same observations also hold for inter-hemispheric noise correlations ( Figure S4A ). Importantly, noise correlations are influenced by immediate past reward history ( Figure 4D ). Specifically, noise correlations are highest when an error trial has been preceded by an error trial. Error trials preceded by a correct trial come next (though the difference is not statistically different), followed by correct trials preceded by incorrect trials (p < 0.05), then by correct trials preceded by correct trials (p < 0.05). After the onset of the fixation point, the information held by the noise correlations on past history vanishes to match the observations in Figure 4C . This analysis supports the idea that these state changes are most probably not triggered by task-related identifiable events, but rather by more general motivational fluctuations.
DISCUSSION
Previous studies decoding the spatial location of attention reported the possibility of predicting whether subjects are orienting their attention to the right or to the left hemifield (chance level at 50%), or to one of the four visual quadrants (chance level at 25%), based on their ongoing neuronal activity, both in humans [5] [6] [7] [8] [9] [10] [11] and in non-human primates [1, [12] [13] [14] [15] [16] [17] [18] . The present work provides groundbreaking advances in this respect. We demonstrate the feasibility of a continuous two-dimensional (x,y) decoding of the attentional locus as illustrated in Figures 2 and 3 and Movies S1 and S2. The correlation of the animal's overt behavior with the distance between the decoded location of attention and the location of the target or distractors ( Figures  3B, 3C , and S2) provides strong evidence that the (x,y) decoding is a reliable measure of the (x,y) location of attention.
By tracking the attentional prefrontal processes and their underlying spatial representation in a time-resolved manner, we identified several factors that directly contribute to perceptual and decision errors. Previous studies have shown that the neural activity in FEF during visual search is predictive of its behavioral outcome and is higher on hit than on miss trials and higher on false-alarm trials than on correct rejection trials [19] [20] [21] . These differences in overall spiking rates are interpreted in terms of target perception and selection. We show that miss and falsealarm trials are fundamentally similar: they have higher baseline noise correlations across the prefrontal neuronal population than on correct trials, and they demonstrate a disrupted coding of cue-and attention-related spatial information. The production of false alarms is determined by the conjunction between the monkey's current attentional focus and the location at which the stimulus is presented. If these internal and external contingencies match, a false alarm is produced. If not, a miss trial ensues. In these error trials, visual distractors also produce a higher degree of interference on the ongoing attention-related cortical signals than on correct trials. This supports the observation that higher neuronal distractor suppression in the FEF singlecell responses correlates with higher overt behavioral performance [22] . These results, together with the linear relationship that we describe between miss rates and attention-to-target distance on the one hand and false-alarm rates and attention-todistractor distance on the other hand, further indicate that spatial attention, whether correctly allocated or not, serves as a spatial filter enhancing perceptual processing at a specific location in the visual field and triggering distractor suppression mechanisms elsewhere.
We also measured the level of shared variability between the different neurons of a given neuronal population noise correlations that are thought to primarily arise from common noisy input [23] [24] [25] [26] . The overall effect of these noise correlations onto information gain is still controversial [27, 28] , although a growing body of evidence points to its role in attention processing. Our results indicate that noise correlations are predictive of overt behavior and thus possibly have a more general contribution to sensory and cognitive processes than envisioned to date. We show that both miss and false-alarm error trials correlate with an increased baseline level of inter-neuronal noise correlations, associated with an initial misencoding of the cue and a later misencoding of the instructed locus of spatial attention. This effect is independent of spatial orientation processes, but rather describes a specific functional state of the prefrontal neuronal population, either a high-correlation state in which local computational processes, whether sensory or cognitive, are hindered, or a low-correlation state that allows optimal information processing, as predicted by theoretical work [27, 28] . Last, these observations also raise the intriguing possibility of a functional link between noise correlations and distractor suppression, this process being less efficient when noise correlations are highest.
We believe the present work will foster research on enriched attention-driven cognitive brain-computer interface [29] , communication interfaces for patients with severe brain dysfunctions, and attention-monitoring systems to prevent work-related accidents. A key challenge will be achieving the spatial decoding resolution that we obtain here invasively using non-invasive approaches. In addition, our work can also potentiate work on the real-time access to other covert cognitive processes such as working memory, planning, or decision-making.
EXPERIMENTAL PROCEDURES
See the Supplemental Experimental Procedures. (D) Average intra-hemispheric noise correlations during the endogenous task as a function of immediate reward history (continuous line, previous trial was correct; dashed line, previous trial was an error trial) for hit trials (dark gray) and error trials (light gray), as a function of time, aligned on the onset of the fixation point. Horizontal dark-gray line, statistical differences (p < 0.05) between hit trials preceded by error trials and hit trials preceded by hit trials; horizontal medium-gray line, statistical differences (p < 0.05) between hit trials preceded by error trials and error trials preceded by hit trials (note that the difference in overall noise correlations between Figures 4D and 4C is due to the fact that the two analyses do not include the same number of trials). The shaded area corresponds to a time during the inter-trial interval during which the monkeys produced refoveation saccades, accounting for the focal change in noise correlation. In all panels, hits are dark gray, false alarms are medium gray, and misses are light gray; pink indicates error trials in which the number of trials does not allow separation of miss and false-alarm trials. Green, exogenous task; yellow, endogenous task. See also Figures S3 and S4 .
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